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Abstract
Direct conversion of methane to ethylene (which is a keystone to petrochemical) is of great practical importance. Since methane is most inert among the hydrocarbons, its direct conversion to ethylene or other value added and/easily transportable products (e.g. methanol, liquid hydrocarbon fuels, lower olefins, etc.) is very difficult. However, in the last 7-8 years a significant success has been achieved in the direct conversion of methane to C2-hydrocarbons (ethane and ethylene) by oxidative coupling of methane (OCM) over large number of metal oxide catalysts at 700?-900?C and over redox catalysts in absence of free-O2. The present work for the Ph.D. thesis was undertaken as a part of the comprehensive programme in our laboratory on the development of the catalysts and catalytic properties for direct conversion of natural gas (the reserves for which are almost equivalent to oil in our country) to value added products (viz. ethylene, ethylene oxide and liquid hydrocarbon fuels), with the following objectives. 
1. To study in details the influence of preparation and pretreatment conditions of MgO, La2O3 and Sm-promoted MgO catalysts on their surface properties (viz. surface area, acidity and baiscity distributions, surface species, etc.) and catalytic activity/selectivity in the OCM process. 2. To compare the following catalysts for their surface properties (viz. surface area, acidity and basicity distributions, etc.) and catalytic activity/selectivity in the OCM process for understanding the role of various promoters and finding a correlation between the catalytic activity/selectivity and surface properties of the catalysts. 
i) Rare earth oxides ii) Alkali metal promoted MgO catalysts iii) Rare earth promoted MgO catalysts iv) Multicomponent metal oxide catalysts v) Promoted rare earth oxides 
3. To study oscillations in the unsteady OCM reaction over specially prepared La2O3. 
4. To investigate pulse reaction of methane, ethane and ethylene on rare earth oxides and Sm-promoted MgO in the presence and absence of free-O2. The thesis has been divided into nine chapters as follows: 
CHAPTER - ^INTRODUCTION - OBJECTIVES AND SCOPE In this chapter, the objectives and scope of the work have been discussed. CHAPTER - 2:EXPERIMENTAL METHODS In this chapter, the experimental methods/procedures used for the catalyst characterization and also for evaluating the catalyst performance in the OCM process and pulse reactions have been discussed. The basic solid catalysts have been characterized for their surface area (measured by a single-point BET method using dynamic adsorption/desorption technique), crystalline phases (by powder XRD), crystal size and morphology (by SEM), surface species (by XPS), surface acidity distribution (by TPD of NH3 from 50?-750? or 950?C) and surface basicity and base strength distribution by a specially developed method based on the step-wise thermal desorption (STD) of CO2 (chemisorbed at 50?C) from 50?-950?C in a number of temperature steps. The OCM reaction and the pulse reactions were carried out in a quartz microreactor with 0.1-0.5 g catalysts (particle size: 22-30 mesh). The reaction products were analysed by an on-line gas chromatograph with TCD and FID detectors, using Poropak-Q and Spherocarb columns. 
CHAPTER - 3:SURFACE PROPERTIES OF RARE EARTH OXIDES AND THEIR ACTIVITY/SELECTIVITY IN OXIDATIVE CONVERSION OF METHANE TO Cr HYDRO CARBONS Rare earth metal oxides (viz. La2O3, CeO2, Sm2O3, Eu2O3 and Yb2O3) have been compared for their acid and base strength distributions (measured by stepwise thermal desorption of CO2 from 50?-900?C and TPD of NH3 from 50?-950?C, respectively) and their catalytic activity/selectivity in oxidative coupling of methane to C2-hydrocarbons at 700?-850?C (space velocity = 108,000 cm3.g-l.h-l and CH4/O4 = 4 and 8). The catalyst activity and selectivity showed dependence on both the surface acidity and basicity. However, the relationship of the catalytic activity/selectivity with the surface acidity/basicity is not straight forward; it is quite complex. Stronger acid sites are found to be harmful for the selectivity. There is a possibility of an involvement of an acid-base pair (Mn+ LC O2- LC, where subscript LC denotes low coordination) on the surface in the abstraction of the H-atom from adsorbed methane molecule by its polarization followed by heterolytic C-H bond rupture to form CH"3 (which interacts with Mn+ LC) and (OH'LC) and a transfer of electorn from the carbanion to O2 resulting in methyl radical and O2. Regeneration of basic sites and the possibility of formation of Ospecies on the catalyst surface are discussed. Reactions of methane, ethane and ethylene over rare earth oxides (viz. La2O3, CeO2, Sm2O3, Eu2O3 and Yb2O3) at 800?C in presence and absence of free gaseous oxygen in a pulse microreactor have also been investigated. For the rare earth oxides to be active in oxidative coupling of methane to C2-hydrocarbons, the presence of free-oxygen is a must. The reaction of methane with lattice oxygen of the rare earth oxides is very low and leads only combustion products. Whereas, ethane and ethylene undergo both the gas phase (homogeneous) and surface (heterogeneous) reactions in the presence or absence of free-O2. Unsteady reaction behaviour with periodic fluctuations in reaction temperature and concentration indicating symmetric oscillations in the oxidative coupling of methane over La2O3 (obtained from lanthanum acetate by its thermal decomposition in air at 600? C and subsequent calcination in N2 at 750?C) observed above 550? C but below 700?C has been thoroughly investigated. Influence of various process variables (viz. temperature, CH,4/O2 ratio, gas hourly space velocity, catalyst particle size, etc.) on the unsteady reaction behaviour has been studied. Also, the influence of catalyst precursor (commercial La2O3, hydrothermally treated La2O3, lanthanum hydroxide, lanthanum carbonate, lanthanum acetate, etc.) used in the preparation of La2O3 catalyst on its surface acidity/basicity and catalytic activity/selectivity in the OCM process has also been thoroughly investigated. The surface properties (viz. surface area, acidity/acid strength distribution, basicity/base strength distribution) and catalytic activity/selectivity (in the OCM process) of La2O3 catalyst are found to be strongly influenced by the catalyst precursor and also the temperature of its decomposition/ calcination. Among the La2O3 catalysts prepared from the different precursors, only the one obtained from La-acetate and calcined in presence of N2 shows unsteady reaction behaviour (i.e. temperature and concentration oscillations) in the OCM process in a narrow temperature range (above 580?C and below 660?C). The oscillations in the OCM process over the La2O3 catalyst are found to be strongly influenced by the process parameter (viz. temperature, CH4/O2 ratio and space velocity) and also by the particle size and calcination conditions (temperature and gas atmosphere) of the catalyst. 
CHAPTER- 4: SURFACE ACIDITY/BASICITY OF MgO PREPARED BY DIFFERENT METHODS AND ITS CATALYTIC ACTIVITY IN OXTDATIVE COUPLING OF METHANE Surface properties (viz. surface area, surface composition and acid/base strength distributions) and catalytic activity/selectivity (in the OCM process) of MgO prepared by the decomposition of different magnesium compounds (viz. magnesium hydroxide, basic magnesium carbonate, magnesium acetate magnesium nitrate, hydrothermally treated MgO, etc.) have been investigated. The surface and catalytic properties of MgO were found to be strongly dependent upon the source of MgO. The MgO obtained from magnesium acetate and magnesium carbonate showed high basicity and also high catalytic activity in the OCM process. 
CHAPTER -5: COMPARISON OF ALKALI METAL DOPED-MgO CATALYSTS FOR THEIR SURFACE PROPERTIES AND CATALYTIC ACTIVITY/ SELECTIVITY IN OXIDATIVE COUPLING OF METHANE Alkali metal (viz. Li, Na, K, Rb and Cs) promoted MgO catalysts with alkali metal/Mg mole ratio of 0.1 (prepared by impregnating magnesium carbonate with alkalimetal carbonates and decomposing in static air at 750?C or 950?C for 6h) have been compared for their surface acidity (measured by TPD of NH3) and basicity (measured by STD of CO2) distributions and catalytic activity/selectivity in the oxidative coupling of methane to C2-hydrocarbons. The catalysts have also been characterized by XRD, XPS and SEM. An effort has been made to find a correlation between the surface properties and the catalytic activity/selectivity of the alkali metal promoted MgO catalytsts. The surface properties (viz. surface area, surface acidity/acid strength distribution, and surface basicity/base strength distribution) and catalytic properties (viz. methane conversion activity, C2- selectivity and Q-yield in the OCM process) are strongly influenced by the alkalimetal promoter (viz. Li, Na, K, Rb and Cs) present in the MgO based catalysts and also by their calcinations temperature. There is no straight forward relationship between the acidity/basicity and the catalytic activity/selectivity of the catalysts; the relationship between the two is found to be quite complex. Among the alkali metal promoted catalysts, the Li-MgO (Li/Mg ratio = 0.1, before calcination) calcined at 750?C shows the best performance in the OCM (at 750?C). However, when the catalysts are calcined at 950?C, the Li-MgO, Na-MgO, K-MgO and Rb-MgO catalysts show comparable performance in the OCM (at 850?C). 
CHAPTER-6: SURFACE PROPERTIES OF RARE EARTH PROMOTED-MgO CATALYSTS AND THEIR PERFORMANCE IN OXIDATIVE CONVERSION OF METHANE TO HIGHER HYDROCARBONS The surface acidity/basicity of a number of rare earth (viz La, Ce, Sm, Nd, Eu and Yb) promoted MgO (rare earth /Mg mole ratio of 0.005 and 0.11) catalysts and their catalytic activity/ selectivity in the oxidative conversion of methane to C2-hydrocarbons at different temperatures (600?-850?C) and CH4/O2 ratio (4 and 8) have been compared for their surface properties and catalytic activity/selectivity. The promotion of MgO with the rare earth metal oxides caused a decrease in the acidity but an increase in the total and strong basicity (except for the promotion by Sm) and also a large increase in the activity/selectivity in the OCM process. All the rare earth promoted catalysts have a broad acid and base strength distributions. The acidity/basicity distributions are influenced by the rare earth promoter and its concentration. The La-MgO, Ce-MgO, Sm-MgO and Eu-MgO showed high activity and selectivity in the OCM process and the performance of these catalysts was comparable. However, the Sm-MgO showed better performance at low temperature (700?C). Although the high activity/selectivity of the rare earth promoted MgO catalysts is attributed to the presence of strong basic sites, the surface basicity is not the only factor deciding the catalytic activity/selectivity in the OCM process. The relationship between the surface basicity/acidity and the catalytic activity/selectivity seems to be quite complex. 
CHAPTER - 7:INFLUENCE OF PREPARATION CONDITIONS OF Sm-PROMOTED MgO ON ITS SURFACE PROPERTIES AND CATALYTIC ACTIVITY/ SELECTIVITY IN OXIDATIVE COUPLING OF METHANE Surface properties (surface area, surface acidity and basicity distribution and surface composition) and catalytic activity/selectivity (in the OCM process) of Sm-promoted MgO with different Sm/Mg ratios (0, 0.005, 0.02, 0.05, 0.11 and ?), prepared by impregnating/mixing magnesium acetate with samarium acetate and decomposing at 950?C, and also of the catalysts with Sm/Mg ratio of 0.11, prepared by impregnating/mixing magnesium carbonate and magnesium hydroxide with samarium acetate and decomposing at 950?C, have been investigated. The influence of the decomposition (or calcination) temperature (650?, 800?, 950? and 1200?C) of the former catalyst with Sm/Mg ratio of 0.11 on its surface and catalytic properties has also been studied. The surface and catalytic properties of Sm-promoted MgO catalyst are found to be strongly influenced by its preparation and calcination conditions. A time-on-stream activity/selectivity of the catalyst in the OCM process at 700? C was measured for 10 h. During this period, there was no significant change in the activity/selectivity of the catalyst. Pulse reactions of methane (in presence and absence of free-O2) and of ethane and ethylene (in absence of free-O2) over the catalysts (Sm/Mg = 0.11) at 800?C have also been investigated. The Sm-MgO catalysts have broad acidity and basicity distributions and the influence of the Sm/Mg ratio and the catalyst preparation parameters on the surface acidity and basicity is quite complex. The catalytic activity and product selectivity in the OCM process are strongly influenced by the catalyst parameters (viz. Sm/Mg ratio, precursor used for MgO, catalyst calcination temperature and the presence or absence of support in the catalyst) and process parameters (temperature, GHS V and CH4/O2 ratio in feed). The optimum process conditions for obtaining the best performance varies from catalyst to catalyst. The calcination of the catalyst at 1200?C and the use of supports (low surface area porous catalysts carriers) for the catalyst result in a drastic reduction in the catalytic activity and selectivity. The unsupported Sm-MgO (Sm/Mg = 0.11) catalysts (calcined at 950?C), prepared using Mg-acetate and Mg-carbonate, as a source of MgO, showed high activity/selectivity in the OCM process at 700?C and 650?C, respectively. The presence of free-O2 is essential for the Sm-MgO catalyst to be active/selective in the OCM process. 
CHAPTER -8: OXIDATIVE CONVERSION OF METHANE TO HIGHER HYDROCARBONS OVER MULTICOMPONENT BASIC SOLID CATALYSTS Surface acidity and basicity distributions on the CaO-La2O3-MgO and BaO-La2O3-MgO catalysts with different compositions and their catalytic activity in the OCM process at different reaction conditions (temperature: 700?-850?C, CH4/O2 ratio: 3-8 andGHSVatSTP: 50,000-200,000 cm3g-1h-1) have been investigated. An addition of CaO or BaO to the La2O3-MgO causes an increase in the total acidity and strong basicity of the catalysts. Both the three component catalysts have very broad acid and base strength distributions. The acidity and basicity of the catalysts are strongly influenced by their composition (i.e. by the Ca or Ba/Mg and La/Mg ratios). However, the catalyst composition has a strong influence on the activity/selectivity only at the lower temperatures (at about 700? C), whereas at the higher temperatures the influence of the catalyst composition on the catalytic activity/selectivity is much smaller. Both the three component catalysts, irrespective of their composition, show high activity and selectivity in the OCM process at 800?C. CHAPTER -9: SURFACE ACIDITY/BASICITY AND CATALYTIC ACTIVITY/SBLECTIVITY (IN OCM) OF RARE EARTH OXIDES PROMOTED BY VARIOUS METAL OXIDES A number of rare earth oxide catalysts (viz. La2O3, Ca-La2O3, Ba-La2O3, CeO2, Ca-CeO2, Ba- CeO2, Sr-CeO2, Na-CeO2, K-CeO2, Th-CeO2, Sm2O3, Ca-Sm2O3, Ba-Sm2O3, Sr-Sm2O3, Th-Sm2O3, Nd-Sm2O3, La-Sm2O3, Nd2O3, Ca-Nd2O3,, Ba-Nd2O3, Sr-Nd2O3, La-Nd2O3, with promoter metal/rare earth ratio of 0.05) calcined at 950?C have been characterized for their surface acidity and basicity distributions and also evaluated for their performance in the OCM process at different reaction temperatures (700? - 850?C) CH4/O2 ratios (4 and 8) in feed and gas hourly space velocities (102,000 and 204,000 cm3.g-1.h-1). The surface and catalytic properties of the rare earth oxide catalysts are found to be strongly affected by the promoters. Among the promoted rare earth oxide catalysts, the Sr-CeO2 showed the best performance (29.5% conversion of methane with 62.7% C2+ selectivity) in the OCM process at 800?C. The next best results (28.2% methane conversion with 57.7% C2+ selectivity) have been observed for the Sr - Sm2O3 at 750?C. 


